The membrane glycoproteins Gn and Gc of Hantaan virus (HTNV) (family Bunyaviridae) are modified by N-linked glycosylation. The glycoproteins contain six potential sites for the attachment of N-linked oligosaccharides, five sites on Gn and one on Gc. The properties of the N-linked oligosaccharide chains were analyzed by treatment with endoglycosidase H, peptide: N-glycosidase F, tunicamycin, and deoxynojirimycin and were confirmed to be completely of the high-mannose type. Ten glycoprotein gene mutants were constructed by site-directed mutagenesis, including six single N glycosylation site mutants and four double-site mutants. We determined that four sites (N134, -235, -347, and -399) on Gn and the only site (N928) on Gc in their ectodomains are utilized, whereas the fifth site on Gn (N609), which faces the cytoplasm, is not glycosylated. The importance of individual N-oligosaccharide chains varied with respect to folding and intracellular transport. The oligosaccharide chain on residue N134 was found to be crucial for protein folding, whereas single mutations at the other glycosylation sites were better tolerated. Mutation at glycosylation sites N235 and N399 together resulted in Gn misfolding. The endoplasmic reticulum chaperones calnexin and calreticulin were found to be involved in HTNV glycoprotein folding. Our data demonstrate that N-linked glycosylation of HTNV glycoproteins plays important and differential roles in protein folding and intracellular trafficking.
Hantaan virus (HTNV) is the prototype of the genus Hantavirus in the family Bunyaviridae and is a causative agent of hemorrhagic fever with renal syndrome. Like other viruses in this family, HTNV has a tripartite, single-stranded negativesense RNA genome. The small, medium, and large genomic RNA segments encode the nucleocapsid (N) protein, the precursor to the virion envelope glycoproteins (GPC), and the virion-associated RNA polymerase (L [large] protein), respectively (33, 34) . GPC is cotranslationally cleaved to generate two proteins termed Gn and Gc (33) , presumably by cellular signal peptidase at the pentapeptide motif WAASA (21) , and mature Gn and Gc have apparent molecular weights of 68,000 and 55,000, respectively (35) . (Gn and Gc are designated according to their location relative to the N and C termini of GPC and were previously referred to as G1 and G2.) Both Gn and Gc are type I integral transmembrane proteins with their own signal sequences (33) . Our recent work indicated that the Gc signal sequence is an integral part of the Gn cytoplasmic tail and is required for Golgi targeting of both proteins (38) . Similar to most other viruses in the family, HTNV glycoproteins Gn and Gc form a heterodimer and accumulate in the Golgi complex, where viruses mature and assemble (reviewed in reference 39). It is accepted that the heterodimerization of Gn and Gc is essential for their correct folding and transport to the Golgi complex (32, 38, 40) .
HNTV Gn and Gc proteins are both modified by N-linked glycosylation. They possess six potential N-linked glycosylation sites ( Fig. 1) , five on Gn (at N residues 134, 235, 347, 399, and 609) and one on Gc (N928) (37) . The N glycosylation sites are highly conserved among all hantaviruses, suggesting that N glycosylation is crucial for the conformation and functions of the proteins. HTNV glycoproteins are sensitive to endoglycosidase H (endo H) treatment, indicating that the N-glycan chains are predominantly of the high-mannose type (1, 36) . However, there is disagreement as to whether the glycans are completely of the high-mannose type (1) or whether some of them have acquired endo H resistance (32, 36) .
N-linked glycosylation is important not only for correct protein folding but also for glycoprotein function (16, 18, 27, 44) . Enveloped viruses may contain one or more types of integral membrane proteins, and the majority of them are modified by the addition of N-linked carbohydrate chains (7) . N-linked glycosylation is associated with the diverse functions of viral glycoproteins, such as receptor binding, mediation of membrane fusion and penetration into cells, directing virus morphogenesis at the budding site, and working as antigens to elicit a protective immune response (3, 7) .
In this study, we reexamined the properties of the N-linked oligosaccharides on HTNV glycoproteins and confirmed that the N-glycans are completely endo H sensitive. To determine the utilization of the potential N glycosylation sites and study their role in protein folding and intracellular trafficking of the glycoproteins, we constructed 10 mutants bearing either single or double glycosylation site mutations. Our data show that the individual sites of N glycosylation have different effects on protein folding and intracellular trafficking of the glycoproteins. Two endoplasmic reticulum (ER) chaperones, calnexin (CNX) and calreticulin (CRT), were found associated with the glycoproteins and presumably play a role in HTNV glycoprotein folding.
The DNA-liposome mixtures were incubated for 10 min at room temperature before being added to cells that had been washed previously with OptiMEM. At 3 h posttransfection, 0.5 ml of Dulbecco's modified Eagle's medium containing 10% FBS was added and incubation was continued at 37°C.
DNJ and tunicamycin treatments. 1-Deoxynojirimycin (DNJ) (Calbiochem) was dissolved in distilled H 2 O at a concentration of 100 mM, and tunicamycin (Boehringer Mannheim) was dissolved in dimethyl sulfoxide at a concentration of 1 mg/ml. At 3 h posttransfection (or 4 h postinfection with vT-HTN M), the inhibitors were added to the medium to give a final concentration of 1 or 2 mM for DNJ or 2 g/ml for tunicamycin. The inhibitors were also present during radiolabeling for immunoprecipitation.
Metabolic radiolabeling and immunoprecipitation. Cells were incubated for 1 h in starvation medium lacking methionine prior to radiolabeling with [ 35 7.4 ], 1% Triton X-100, 300 mM NaCl, 5 mM EDTA) containing a cocktail of protease inhibitors (Roche) and 20 mM N-ethylmaleimide. Cell lysates were clarified by centrifugation for 10 min at 4°C at 16,000 ϫ g, and HTNV glycoproteins were immunoprecipitated with anti-Gn and anti-Gc MAbs or anti-FLAG conjugated to protein A-agarose (Sigma). The beads were washed five times with buffer containing 0.1% Triton X-100 and once with ice-cold phosphate-buffered saline (PBS), and the bound proteins were either analyzed by sodium dodecyl sulfate (SDS)-8 to 10% polyacrylamide gel electrophoresis (PAGE) or subjected to digestion with endo H and peptide:N-glycosidase F (PNGase F).
endo H and PNGase F digestion. Immunoprecipitates were denatured in 30 l of denaturing buffer (0.5% SDS and 1% ␤-mercaptoethanol) at 100°C for 10 min and cooled to room temperature. The denatured samples were then subjected to digestion with 150 mU of endo H (New England Biolabs) in a 40-l reaction mixture containing 50 mM sodium citrate (pH 5.5), 0.5% SDS, and 1% ␤-mercaptoethanol or with 4 mU of PNGase F (New England Biolabs) in a 40-l reaction mixture containing 50 mM sodium phosphate (pH 7.5), 0.5% SDS, 1% NP-40, and 1% ␤-mercaptoethanol for 20 h at 37°C. The treated samples were analyzed by SDS-10% PAGE under reducing conditions.
Immunofluorescence staining. The immunofluorescence assay was performed as previously described (38) . Briefly, at 5 h posttransfection of HeLaT4 ϩ cells or at 48 h posttransfection of BSR-T7 cells, cycloheximide was added to the culture medium to a final concentration of 50 g/ml and cells were incubated for a further 4 h. The cells were then fixed for 10 min with 4% paraformaldehyde and permeabilized by incubation in PBS containing 0.1% Triton X-100 for 30 min. The cells were reacted for 30 min with anti-Gn and -Gc MAbs (at a 1:500 dilution) and anti-GM130 (at a 1:600 dilution). After thorough washing with PBS, the cells were stained for 30 min with Cy5-conjugated anti-mouse IgG and fluorescein isothiocyanate-conjugated anti-rabbit IgG. The localization of viral antigens and Golgi proteins was examined using a Zeiss LSM confocal microscope.
RESULTS
Analysis of N glycosylation of HTNV glycoproteins. We first reexamined the endo H and PNGase F sensitivity of HTNV Gn and Gc expressed from a recombinant vaccinia virus containing full-length M-segment cDNA. Consistent with previously published reports (1, 36) , treatment of the glycoproteins with endo H and PNGase F resulted in a significant electrophoretic mobility shift of both proteins, corresponding to apparent molecular weight losses of 12,000 for Gn and 3,000 for Gc ( Fig. 2A, lanes 1 to 3) . However, as mentioned previously by Schmaljohn et al. (36) and Ruusula et al. (32) , we noticed that Gn after digestion by endo H was clearly slightly larger (approximately 1,000) than Gn after digestion by PNGase F (Fig. 2A, lanes 2 and 3) . To investigate the significance of the mobility shift between the Gn proteins deglycosylated by endo H and PNGase F, we reanalyzed the oligosaccharide chains with the help of two inhibitors, DNJ and tunicamycin. DNJ inhibits ER ␣-glucosidases I and II and thus blocks the sequential removal of the terminal three glucose residues from the core oligosaccharide on the nascent glycoproteins in the lumen of the ER (8, 10, 41) , thus preventing the further trimming of N-linked sugars (13, 14) . We observed that DNJ treatment generated higher-molecular-weight forms of Gn and Gc proteins ( Fig. 2A , lane 4), confirming that the trimming of Nglycans of both proteins had been inhibited. However, the digestion patterns generated by endo H and PNGase F in the presence of DNJ were identical to those without DNJ treatment in that the endo H-digested Gn was still slightly larger than that digested by PNGase F ( Fig. 2A , lanes 5 and 6). These results indicate that the slight difference in molecular mass of Gn was not due to the acquisition of endo H resistance but to the presence of N-acetylglycosamine residues left after endo H treatment.
To further confirm the results presented above, we labeled the sugar moiety of HTNV glycoproteins with [ 3 H]mannose followed by digestion with endo H and PNGase F. As shown in Fig. 2B , no radioactive signal remained after treatment with either glycosidase, indicating that the N-glycan chains on both Gn and Gc are of the high-mannose type.
We also compared the electrophoretic mobilities of Gn and Gc proteins synthesized unglycosylated in vivo in the presence of tunicamycin to those in which N-glycan was removed in vitro by digestion with endo H and PNGase F (Fig. 2C) . Consistent with previously published data (36), the HTNV MAbs did not react with Gn and reacted only poorly with Gc synthesized in the presence of tunicamycin (Fig. 2C , lane 2), suggesting that the attachment of N-linked glycan chains is essential for the correct folding of HTNV glycoproteins. To visualize the glycoproteins, especially Gn, that were unglycosylated in the presence of tunicamycin, we constructed a FLAG-tagged GPC in which the FLAG epitope (DYLDDDDL) was added at the N terminus of Gn. The glycoproteins produced from this construct were correctly glycosylated and cleaved (Fig. 2C , lane 4) and were transported to the Golgi complex (results not shown). By comparing the electrophoretic mobilities of the proteins, we found that Gn and Gc, either deglycosylated with endo H and PNGase F (Fig. 2C , lane 5 and 6) or synthesized in the presence of tunicamycin (lane 7), were nearly identical in size.
Determination of the N-linked glycosylation sites used. There are six potential N-linked glycosylation sites on HTNV glycoproteins: five sites on Gn (at N residues 134, 235, 347, 399, and 609) and one on Gc (N928) (Fig. 1) . The site at N609 was presumed not to be used since it is on the cytoplasmic side of the membrane. To determine the utilization of each individual site for the attachment of oligosaccharide chains, we generated six mutations in the HTNV M cDNA, individually replacing each asparagine (N) residue by glutamine (Q). The mutant glycoproteins were labeled with [ 35 S]methionine, immunoprecipitated with anti-Gn and anti-Gc MAbs, and analyzed by SDS-PAGE under reducing conditions (Fig. 3) . None of the mutations affected cleavage of the GPC, as both Gn and Gc forms were observed, except for mutant N134Q, where only mature Gc could be identified. Mutations at three glycosylation sites on Gn (at residues N235, N347, and N399) and the one on Gc (at residue N928) resulted in increased electrophoretic mobility corresponding to molecular weight losses of approximately 3,000 compared to wild-type Gn and Gc (Fig. 3 , lanes 3, 5 to 7, and 9). No obvious band corresponding to Gn protein was observed for mutant N134Q, but multiple bands were seen (Fig. 3, lane 4) , reminiscent of aggregation and degradation of a misfolded protein. The data suggest that the addition of a glycan chain at the first N glycosylation site is vital for the correct folding and stability of Gn protein. The same multiple bands were also seen to a lesser extent for the N347Q mutant, where a decreased amount of Gn was detected (lane 6). By contrast, the mobility of Gn made by the mutant N609Q (the fifth potential glycosylation site) was, as expected, indistinguishable from that of wild-type Gn (Fig. 3, lane 8) . In conclusion, all four potential N glycosylation sites on the ectodomain of Gn (at residues 134, 235, 347, and 399) and the one potential site on Gc (N928) are glycosylated, whereas the site at residue N609 of Gn that faces the cytoplasm is not used.
Effect of N glycosylation on HTNV glycoprotein trafficking. One of the characteristic features of the mature HTNV glycoproteins is their ability to target to the Golgi complex (29) , and Golgi targeting has been shown to be dependent on the heterodimerization of Gn and Gc (32, 38, 40) . This feature was exploited to assess the role of N-linked glycosylation in protein folding and intracellular trafficking of the glycoproteins. In this study the single glycosylation site mutations were expressed by direct transfection of BSR-T7 cells with the mutant cDNAs (Fig. 4) , and the glycoprotein cDNAs with double glycosylation site mutations were expressed in Vero E6 cells by using the vaccinia virus-T7 expression system (Fig. 5) . Our results demonstrated that the individual sites had different effects on protein folding and Golgi targeting. Mutation at the first glycosylation site resulted in a typical ER staining pattern of the expressed glycoproteins (Fig. 4B) . The glycoproteins expressed from the N347Q mutant partially colocalized with the Golgi marker (Fig. 4D) , indicating the Golgi targeting ability was also compromised to some extent. However, the glycoproteins expressed from the other three mutants (N235Q, N399Q, and N928Q) were able to target to the Golgi complex and colocalized with the Golgi marker, GM130 (Fig. 4C, E, and F) , suggesting that the single mutations at these sites were well tolerated with no obvious effect on protein folding and intracellular transport. Localization of these single N glycosylation mutants was also studied in Vero E6 cells, using the vaccinia Since single mutations at two sites on Gn (N235 and N399) and the one on Gc (N928) showed no obvious effect on intracellular transport, we next made four double mutations to see the additive effect of these sites. Glycoproteins expressed from mutant N235/399Q, in which the second (N235) and fourth (N399) sites on Gn were changed, showed a typical ER staining pattern (Fig. 5A) , and no colocalization with GM130 was seen. Glycoproteins expressed from the double mutants (N235/928Q and N347/928Q), each with a mutation in both Gn and Gc, were shown to partially colocalize with the Golgi marker ( Fig.  5B and C) . In contrast, glycoproteins synthesized by mutant N399/928Q appeared to target to the Golgi complex efficiently (Fig. 5D) .
Effect of N glycosylation on HTNV glycoprotein folding. The effect of N glycosylation on protein folding of Gn and Gc was assessed indirectly by comparing the immunoreactivity of wildtype glycoproteins and the N glycosylation mutants with a panel of MAbs against HTNV Gn (8B6, 3D5, 16D2, and 6D4) and Gc (11E10, 8E10, 16E6, and HCO2) (2). The glycoproteins were expressed in Vero E6 cells, using the vaccinia virus-T7 system, and radiolabeled with [ 35 S]methionine, and cell lysates were divided into four aliquots. Each aliquot was reacted with a pair of anti-Gn and Gc MAbs (Fig. 6 ). Anti-Gn MAbs 3D5 and 16D2 and anti-Gc MAb 8E10 were less efficient at precipitating the appropriate target wild-type glycoprotein than the other MAbs (Fig. 6A) . Consistent with results shown in Fig. 4 , mutation of the first glycosylation site (N134) on Gn led to the loss of reactivity with all four anti-Gn MAbs and reduced reactivity with two anti-Gc MAbs (11E10 and 8E10) (Fig. 6B) . Mutation of the second (N235) and fourth (N399) glycosylation sites on Gn had no major effect on the reactivity patterns with the MAbs (Fig. 6C and E) . The mutation at site three on Gn (N347) resulted in poor reactivity with the four anti-Gn MAbs and anti-Gc MAb 11E10 (Fig. 6D) , whereas lack of N-glycans on Gc (N928Q) appeared to have little effect on the reactivity of the expressed glycoproteins with the panel of MAbs (Fig. 6F) .
We also examined the immunoreactivities of four double N glycosylation site mutants (Fig. 6G to J) . The patterns of reactivity of the three mutants that contained one change on Gn and one on Gc were similar to those of the glycoproteins containing single mutations (Fig. 6H to J) . However, consistent with the Golgi targeting study, mutations of both N235 and N399 seriously affected the conformation of Gn, such that the mutant glycoprotein showed much-reduced reactivity with anti-Gn MAbs 8B6, 3D5, and 6D4 and anti-Gc MAb 11E10 (Fig.  6G) . The altered immunoreactivity patterns observed with this panel of anti-Gn and -Gc MAbs strongly suggest that lack of glycans at some glycosylation sites affected protein folding and thus their conformation.
To investigate further the effect of N glycosylation on protein folding of HTNV glycoproteins, pulse-chase experiments were conducted. The wild-type glycoproteins and three N glycosylation mutants (N235Q, N347Q, and N399/928Q) were pulse-labeled with [ 35 S]methionine for 20 min and then chased for up to 90 min in the presence of excess unlabeled methionine (Fig. 7) . The labeled proteins were immunoprecipitated with anti-Gn MAb 16D2 and two anti-Gc MAbs (11E10 and HCO2). MAb 16D2 was used because it recognizes only the mature Gn that has properly folded and heterodimerized with Gc (42), whereas MAbs 11E10 and HCO2 react with the Gc protein from the wild type and all N glycosylation mutant (Fig. 6 ). As shown in Fig. 7A , both wild-type Gn and Gc were detectable after 10 min of chase, but the amount of Gc peaked at 20 min while that of Gn did not peak until 60 min (Fig. 7A ). This seems analogous to the situation with Uukuniemi phlebovirus glycoproteins, where Gc also folds more rapidly than Gn (30) . Under nonreducing conditions, wild-type Gn was apparent as a diffuse band that appeared to contain four forms (Fig. 7B) . The pattern seen with mutant N235Q was similar to that of the wild type, but Gn appeared to form only two bands under nonreducing conditions (Fig. 7B) . The Gn proteins of mutants N347Q and N399/928Q (Fig. 7) were poorly immunoprecipitated with 16D2 during the 90-min chase, and so we conclude that Gn folding and the heterodimerization with Gc were significantly compromised. Minor bands of higher-molecular-weight material were noted on gels run under both reducing (Fig. 7A) and nonreducing ( Fig. 7B) conditions, though their significance requires further investigation.
Association of Gn and Gc with CNX and CRT.
Since the correct folding and maturation of HTNV glycoproteins appears to rely on attachment of N-linked glycan chains, the involvement of molecular chaperones is suggested. Two ER resident chaperones, CNX and CRT, are known to promote protein folding and quality control by binding transiently to many newly synthesized glycoproteins (17, 28, 43) . To examine the association of HTNV glycoproteins with these chaperones, transfected cells were pulse-labeled for 30 min and aliquots of radiolabeled cell lysates were reacted with anti-Gn/Gc MAbs (Fig. 8A) or anti-CNX (Fig. 8B) or anti-CRT (Fig. 8C) antibodies. As shown in Fig. 8 , radiolabeled bands corresponding in size to HTNV Gn and Gc of the wild type and of two mutants were coimmunoprecipitated by anti-CNX and anti-CRT antibodies, indicating that the two ER chaperones do indeed associate with HTNV glycoproteins. (Other bands seen in all samples in panels B and C, including mock-transfected cells, probably represent the immunoprecipitated chaperones, CNX [65 kDa] and CRT [46 kDa] or possibly coimmunoprecipitated vaccinia virus proteins.) We noted that CNX and CRT appeared to have different affinities for wild-type and mutant glycoproteins. More N134Q Gn protein was precipitated by anti-CNX than wild-type and N347Q Gn (Fig. 8B,  lanes 1, 3, and 5 ), whereas more wild-type and N347Q Gn were precipitated by anti-CRT antibodies (Fig. 8C, lanes 1 to 3) . The recognition and binding of CNX and CRT to nascent or misfolded glycoprotein is mediated by protein-linked monoglucosylated glycans (17, 28) . Therefore, coimmunoprecipitation with anti-CNX antibodies was performed on lysates of DNJ-treated cells. As seen in Fig. 8B, lanes 2, 4, and 6 , very little hantavirus glycoprotein was precipitated. This confirms that the positive interaction seen in untreated samples represents chaperone-glycoprotein association.
To further study the effect of N-glycan trimming on folding and intracellular trafficking of HTNV glycoproteins, we examined the localization Gn and Gc in HeLaT4 ϩ cells treated with DNJ. Partial colocalization of the glycoproteins with the Golgi marker GM130 was observed in the presence of DNJ, but a significant amount was retained in the ER (Fig. 9) . This indicates that HTNV glycoproteins with untrimmed triglucosylated N-linked glycans are still able to fold correctly, form heterodimers, and transport to the Golgi complex, though not with absolute efficiency. In conclusion, our results suggest that the ER chaperones CNX and CRT are involved in the folding process of HTNV glycoproteins by association with N-linked glycan chains and such binding is helpful but not essential for correct folding.
DISCUSSION
HTNV glycoproteins Gn and Gc are both modified by Nlinked glycosylation, predominantly of the high-mannose type, though there has been debate whether the N-glycans are completely endo H sensitive (1) or whether some of the oligosaccharides acquire endo H resistance (32, 36) . In this study, we Since the conversion of high-mannose type to the complex form occurs in the medial and trans-Golgi compartments (19) , our data suggest that the HTNV glycoproteins are just able to transport to the cis-Golgi compartment, consistent with our previous observation that HTNV glycoproteins colocalize with GM130, a cis-Golgi matrix protein (38) . We noted that there was an electrophoretic migration difference between the Gn proteins deglycosylated by endo H and PNGase F. In the presence of DNJ, with the trimming of the N-glycan inhibited, the mobility of Gn protein after endo H and PNGase F treatment was unchanged. DNJ inhibits ER glucosidases I and II and thus prevents trimming of the outmost glucose residues from the 14-saccharide core N-linked glycan GlcNAC 2 Man 9 Glc 3 (10, 41) . Consequently, DNJ would render the glycoproteins uniformly triglucosylated and sensitive to endo H. Gn digested by endo H had a molecular weight approximately 1,000 greater than that digested by PNGase F, which is consistent with the molecular weight of 885 for four N-acetylglucosamine moieties retained on the asparagine residues of the N glycosylation sites after endo H digestion. These results suggest, therefore, that the slightly higher molecular mass of Gn protein was not due to the acquisition of endo H resistance but rather the consequence of the remaining four N-acetylglucosamine residues. The sensitivity of the glycoproteins to endo H was also supported by the results that no on October 15, 2017 by guest http://jvi.asm.org/ radioactive signal was detectable when the [ 3 H]mannose-labeled glycoproteins were subjected to endo H digestion and Gn that was deglycosylated by endo H and PNGase F digestion was the same size as that synthesized in the presence of the N glycosylation inhibitor tunicamycin.
HTNV glycoproteins possess six potential N-linked glycosylation sites, five on Gn and one on Gc (37), of which four sites (at residues N134, N347, N399, and N928) are conserved among all hantaviruses. In this study, we determined that all sites on the ectodomains of Gn (N134, N235, N347, and N399) and Gc (N928) were glycosylated and that the fifth site on Gn (N609) that faces the cytoplasm was not utilized.
It is well accepted that glycosylation plays a pivotal role in the function of a glycoprotein (16, 27) , and in this study we demonstrated that N glycosylation is crucial for the proper folding, intracellular transport, and maintenance of the epitope conformation of HTNV glycoproteins. It is evident that N-glycan at the first site is most crucial in directing correct folding of Gn, as the mutant N134Q was retained in the ER and could no longer be recognized by anti-Gn MAbs. It has been reported that glycoproteins are most sensitive to removal of glycosylation sites near their N termini, as these sites first engage the protein folding machinery in the ER to initiate the correct folding process (6, 15, 16) . Glycosylation at the third site (N347) in Gn also markedly affected its folding, as the Golgi targeting of N347 was substantially impaired and it was no longer recognized by two neutralizing MAbs, 3D5 and 16D2. Single mutations at sites N235 and N399 on Gn and N928 on Gc were better tolerated, indicating that lack of glycans at one of these sites is not sufficient to affect folding and targeting or that it can be compensated by the neighboring oligosaccharide chains. However, mutation of two N glycosylation sites on Gn (at residues N235 and N399) together resulted in profound effects, reflected by the loss of Golgi targeting and abolition of reactivity with three MAbs (Fig. 6G), indicating that the oligosaccharide chains on Gn can have additive effects. Global effects of N glycosylation on protein folding have also been observed for other virus proteins, such as vesicular stomatitis virus G protein (22) , influenza virus hemagglutinin (11) , and avian sarcoma/leucosis virus glycoprotein (5) .
For other viruses in the family, heterodimerization of Gn and Gc proteins seems to be necessary for efficient Golgi transport and virus morphogenesis (31) , and available evidence indicates the same pertains for hantavirus glycoproteins (1, 38, 40) . Some MAbs (such as 2D5, 3D5, 16D2, and 3G1) recognize Gn only when heterodimeric (26, 42) , suggesting that conformational differences exist between Gn expressed alone and that expressed in association with Gc. It is likely that the mature folding and conformation of HTNV glycoproteins depends on their mutual interaction. Our data suggest that N glycosylation also affects heterodimerization; Gn expressed from three N glycosylation mutant clones (N134Q, N347Q, and N235/399Q) did not react with 3D5 and 16D2. Using reactivity with MAb 16D2 as an indicator for heterodimerization of Gn and Gc, our pulse-chase analysis revealed that the two proteins interacted within 10 min and interaction peaked within 60 min. Certain N-glycan chains had a significant detrimental effect on heterodimerization, but whether this is a consequence of protein misfolding due to a lack of glycan chains or a direct influence on heterodimer formation requires further study.
It is also possible that a conformational change in one protein would influence the other. Mutation of N glycosylation sites on Gn at residues N134, N347, and N399 reduced the reactivity of the mutant glycoproteins with anti-Gc MAbs, and vice versa, lack of N-glycans on Gc also reduced the immunoreactivity of Gn protein (Fig. 6 ), though to a lesser extent. Gc appears more tolerant to mutation of its N glycosylation site, whereas Gn is more heavily glycosylated than Gc and so is more dependent on N-glycans for proper folding and assembly.
We also showed that two ER resident chaperones, CNX and CRT, associate with HTNV glycoproteins. When binding of the chaperones was blocked in the presence of DNJ, Golgi targeting of the glycoproteins was considerably compromised. This implies that association with CNX and CRT is needed for efficient folding and heterodimerization of the glycoproteins. However, the association of HTNV glycoproteins with these lectins is not absolutely required for their folding. Many glycoproteins, when prevented from binding to CNX and CRT, manage to fold and assemble correctly (12, 13, 23, 24) , indicative of the redundancy of folding factors in the ER.
In summary, our studies determined the utilization of five potential N glycosylation sites and confirmed that N-glycans of HTNV glycoproteins are completely of the high-mannose type. Our data demonstrated that certain N-linked glycosylation is crucial for correct folding and intracellular trafficking of the proteins, though the importance of individual N-glycan chains varies. Two ER resident chaperones, CNX and CRT, were found associated with newly synthesized HTNV glycoproteins and play a role in their folding.
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FIG. 9. Intracellular localization of triglucosylated HTNV glycoproteins. HeLaT4
ϩ cells were transfected with HTNV M cDNA and incubated in the presence of 1 or 2 mM DNJ. Cells were doubly stained with a mixture of anti-Gn and -Gc MAbs and anti-GM130 Golgi marker antibody. Merged confocal microscopic images are also shown, with HTNV glycoproteins stained red, the Golgi complex stained green, and colocalization shown as yellow.
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